Background The gastrocnemius and soleus muscle flaps are the most commonly used transfer flaps to treat lower limb severe lesions. The use of the muscle as coverage tissuemay incur in functionality loss and motor control deficits. The aim of this study is to assess whether functional deficits are present during gait, posture and heel rise test (HRT).
Introduction
Complex limb injuries due to high kinetic energy crushes, are characterised by an extensive loss of soft tissue and bone substance related to type III of the Gustilo-Anderson classification [1, 2, 3] and may be associated with vascular injury.
These cases require coordination between the peripheral vascular and micro-surgical team and the orthopaedist to obtain a rapid and accurate diagnosis of vascularization, and to plan adequate wound care, and revascularization [4, 5] .
Literature has described treatment "guidelines" regarding severe lesions of the lower limbs, with aggressive debridement of devitalised and contaminated tissue to reduce the rate of nonunion, osteomyelitis and amputation [6, 7] as well as the use of free flap transfer, within 24-72 hours [8] .
Recently, new priority has been given to protecting the "zone of injury" from bacterial contamination, followed by reconstruction which will avoid flap failure caused by microvascular thrombosis [9] .
We propose three steps to treat similar injuries affecting the medium-lower third of the leg: 1. aggressive early multiple debridement. In case of bone substance loss, an external fixator is applied, and the wound is adequately prepared using vacuum assisted closure therapy and/or hyperbaric oxygen therapy, in combination with specific antibiotic treatment and antibiogram, to prevent multi-resistant bacteria infection [7] . 2. After 5-10 days, following multiple negative culture tests, an antibiotic-loaded cement spacer is applied between the stumps and an island medial soleus flap is placed as coverage. 3. After 2 months, in the absence of infection, a vascularised fibula is used to reconstruct the tibia following removal of the spacer.
Our investigations showed the island soleus muscle flap as a valuable tool to ensure coverage of a temporary antibiotic-loaded cement spacer and in definitive reconstruction with vascularised bone. This flap is simpler to use compared to a free flap and may be transferred with a reliable pedicle with satisfactory cosmetic outcome of the donor site. Adequate coverage of the soft-tissue and bone defect after debridement may be ensured due to optimal tissue vascularisation, removing dead space, improving vascularity and enhancing leukocyte function [7, 9] , as well as avoiding the risk of vascular steal syndrome when the anterior tibial artery is damaged. However, the Soleus muscle may not be available due to high energy trauma or subsequent infection and may cause further motor function loss to an existing injured lower limb [6] . In this case, the Latissimus Dorsi free flap may be used. The soleus muscle, along with the gastrocnemius muscle, is part of the triceps surae and is the most important extensor muscle of the foot, intrinsic to plantar extension. All the movements that involve extension, of either the ankle or the knee, such as climbing or running, involve the joint participation of the gastrocnemius with the soleus muscle. The triceps surae offers maximum potential when, the ankle is bent, and the knee extended, contracting to extend the ankle as in the last phase of walking (propulsive phase).
In posture, the soleus plays a fundamental role as a stabiliser, with restricted adjustments in the calf muscles. Histological analysis shows the soleus is mainly made up of slow contraction fibres (type I), which intervene in activities that require greater resistance but slower response times.
In literature little is reported regarding the functional recovery of the limb following reconstruction with a soleus muscle flap. In 2001, Kramers-de Quervain et al. examined 2 patients treated with a soleus muscle flap and 3 patients with a gastrocnemius muscle flap, during walking at normal speed and at fast speed on an inclined ramp [10] . Kinematic and kinetic analysis revealed the absence of deficit during walking at self-selected speed, and the presence of deficit during the propulsion phase of gait at fast speed, on an inclined ramp.
In the light of these results, the aim of this study was to assess whether the interruption of the soleus muscle, used as a covering flap, caused alterations of gait and posture. We, therefore examined and reported subjects during fast-speed walking and during posture with eyes open and closed.
Moreover, to investigate deficit due to the interruption of soleus muscle, authors required the subjects to perform a heel rise test on an inclined ramp to analyse subject behaviour during a motor task commonly used to test functionality and efficiency of the triceps surae.
The patients selected for this retrospective study presented similar lesion type and identical sequelae. The patients had undergone treatment with the same surgeons over a given period.
Operative Technique
The patients who underwent reconstruction with the island soleus muscle flap were treated with the same surgical procedure including three phases: aggressive early multiple debridement, coverage of temporary antibiotic-loaded cement spacer with an island medial soleus flap, and definitive bone reconstruction using a vascularised free fibula flap.
In the first phase of surgery, the lesion was cleansed by plastic surgeons, operating on the skin, the soft tissues and the bone. The orthopaedic surgeons stabilised the bone by external fixation.
In the second phase, under pneumatic tourniquet control, an antibiotic-loaded cement spacer was applied (▶ Fig. 1a ), then the soleus muscle was dissected medially, arising the entire soleus and its distal tendon from the gastrocnemius muscle. The distal part of the whole soleus is entirely mobile and may rotate to, reach any defect on the distal third leg (▶ Fig. 1b ). The width of the flap may be increased by multiple transverse incisions through the epimysium of the muscle, allowing the coverage of extensive substance loss.
The recipient and/or donor site over suction drains were closed as a routine procedure.
Skin grafting was performed on all flaps at a period of 7-10 days following flap coverage to promote complete recovery (▶Fig. 1c).
Rotation of skin and fascia elevated during muscle harvest often decreased the area of exposed muscle requiring skin graft coverage.
After 2 months, patients in Group A underwent free fibula flap tibia reconstruction after spacer removal.
Materials and Methods
From 2008-2013, 9 patients, suffering from severe large lesions of the skin and soft tissue of the limbs, with exposure of bone as a consequence of serious injuries (type III B of Gustilo-Anderson classification) underwent reconstruction with a soleus muscle flap (Group A). For this study, 9 healthy subjects comparable with respect to age, weight and sex were selected as a control population (Group B).
The patients covered a wide age range considering the unpredictable traumatic pattern and the absence of pathological causes (▶Tab. 1).
The defective area of soft tissues after debridement was 7.2 cm × 6.4 cm to 12.6 cm × 15.3 cm in size, with an average area of 9.6 cm × 13.1 cm. The bone defects were 5.4 cm to 10.5 cm in size. We included patients who had gained complete functional recovery from the initial lesion with no concomitant locomotor pathology, and at least 2 years since last surgery. The patients presented similar le-▶Fig. 1 a Distal tibial defect with exposed bone from a motor vehicle accident; b the soleus muscle has been transposed and the split-thickness skin graft is being positioned to cover the wound (we can scoring the epimysium of the soleus muscle to extend into the distal tibia defect); c patient 1 year after soleus muscle transposition and skin grafting. This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.
Originalarbeit sions and rehabilitation treatments. All patients in group A were subjected to the same treatments of functional re-education and did not present post-operative complications. Patients were monitored on postoperative days 3, 7, 14, and on follow-up examination after 1 month and 6 months. We excluded all patients with comorbidities or surgical complications. Tests were proposed to the patients at least 24 months after surgery.
Institutional review board approval was obtained. All patients signed an informed consent form to be included in the study.
Tests
Subjects were required to perform three different motor tasks: The patients performed the first motor task several times and measurements were recorded. A minimum of three trials were then processed as described below. Postural stability was assessed for each eye-condition and a one-leg heel rise test was recorded for each leg.
Each patient was required to walk on a walkway 11.4 m long with two force plates (BERTEC) in the centre to measure ground-reaction forces. An optoelectronic stereometric system (ELITE BTS Milano) was used to obtain marker trajectories positioned on anatomical landmarks with the aid of an electromyographic recording system (PocketEMG, BTS Engineering, Milano) to maintain the surface electromyographic signal (sEMG).
The tests and corresponding measurements were conducted in the Movement Analysis Laboratory of the Marche Polytechnic University.
Motor task description
Gait: Each subject was required to walk barefoot on the walkway following the rhythm of a metronome. Each subject performed the tasks several times before reaching a repeatable cadence. We evaluated the adequate distance of foot impact from the force plates during these first trials and used them as a starting point. The patients were blinded to test indications to avoid bias. Several gait trials were then performed and recorded.
Posture: each subject was required to stand with both feet on a force plate in an upright position for 60 s performing one test with eyes open and one test with eyes closed. Measurements were recorded as described below.
One-leg Heel rise: the patient in upright position on an inclined plane (10°) was required to rise his/her heel keeping the other leg off the ground. The number of heel rises was free and dependent only on the subject's performance. For each leg only one trial was performed.
Parameters calculated (Data analysis): Anthropometric data, such as height, weight and heart rate at rest and at the end of the experimental session were measured during each session.
During each motor task, the following measurements were taken: ▪ three components of Ground Reaction Force (GRF) and the centre of pressure trajectory (COP); ▪ the trajectories of the markers positioned on the foot, leg, thigh and trunk as indicated by the DAVIS protocol [12] . ▪ the electromyographic signal of the medial gastrocnemius (GAM), the anterior tibial muscle (TA) of both limbs, and the soleus muscle (SOL) of the contralateral limb. The investigators analysed the possible effect of the surgical treatment on motor coordination in relation to these muscles and to suggest the changing role of muscle control in dorsi-plantar flexion.
For each motor task, the following parameters were set: 1. Gait -flexion/extension angles of ankles, knees and hips, stride and step length, cadence, stance and swing duration, speed of progression. The asymmetry index, calculated for each parameter, was used to quantify the differences between the treated leg and the contralateral leg [13] . 2. Posture: CoP parameters, such as medio-lateral and antero-posterior excursion, sway path, mean velocity and mean distance, as described in Prieto [14] ; 3. Heel rise-the number of rises, the height and the angle of foot described by maximum, minimum and mean values. The EMG signal was processed, and median frequency was calculated as an indication of possible muscular fatigue.
Moreover, the mean and standard deviations of each parameter during the three trials were calculated. The Kolmogorov-Smirmov test (K-S test) was used to compare Group A to B. Levels of p < 0.05 were significant.
Results

Gait Analysis
The spatio-temporal gait parameters (▶Tab. 2) revealed inter-limb and intra-group differences. We observed a shorter step length in the contralateral leg compared to the operated limb, which was also significantly shorter compared to the controls (p < 0.05). The step cadence, calculated as the number of steps in one minute, was significantly greater (p < 0.05) in this group. This is most likely due to the reduction of the step length for the healthy leg of this group of patients. The initial double support phase was shorter than the terminal double support phase for the operated leg.
Progression speed was generally reduced in relation to the other group and was significantly reduced in the treated leg in relation to the controls (p < 0.05).
Asymmetry was present in all the above-mentioned parameters (step length, initial and terminal double support phase) as revealed by the asymmetry index for more than five patients ▶ Tab. 3).
Parameters obtained from the GRF trajectories showed differences. The patients bore less weight on the foot of the treated leg than on the contralateral leg (▶ Tab. 4) during the loading phase (F 1 ) and during the push off phase (F 3 ). These measurements may have differed according to the asymmetry index for these parameters (▶Tab. 3), that scored above the critical mean value (15) for five and respectively, seven of nine patients. With respect to the controls, patients increased (significantly, p < 0.05) the peak load force phase of the contralateral leg and reduced (significantly, p < 0.05) the peak load force during the push-off phase of the treated leg. The duration of the loading response phase, when impact absorption usually occurs, was significantly (p < 0.05) shorter in the operated leg compared to the control group (T 1 in ▶Tab. 4 and ▶Fig. 2a). The stance phase in the anterior direction occurred moderately earlier compared to controls (see T 5 ▶ Tab. 4 and ▶Fig. 2b).
In the kinematic analysis of the hip-knee-ankle angles, the dorsi-plantar flexion angle on the operated side was not within the normal range observed in the control population.
In all patients treated with the soleus flap, the ankle on the operated side presented mild deficit in the initial stance phase. The mean trends showed that the initial plantar flexion was absent with the ankle blocked in dorsi-flexion up to approximately 20 % of the gait cycle. Subsequently, the plantar flexed from 20 % to 65 % of the gait cycle (in ▶ Fig. 3 , the gait trials were related to one patient in the group). Dorsiflexion was then present up to 100 %.
No statistical differences were observed between muscular activation timing of muscles in both legs and the behaviour of muscles in the control group. We compared both legs and noted that the anterior tibialis muscle of the treated leg prolonged its activation at the beginning of the stance phase while the medial gastrocnemius muscle anticipated activation.
Posture
The medio-lateral excursion of CoP in Open Eye (OE) and Closed Eye (CE) condition was significantly (p < 0.05) lower than in the controls (OE: 9.7 mm with respect to 12 mm; CE: 8.8 mm with respect to 13.7 mm, ▶Tab. 5). ▶Table 3 Asymmetry in some spatio-temporal and dynamic parameters for Group A (9 subjects). If Asymmetry Index (ASI) is above 13, symmetry is considered critical. 
N° of patients with ASI < 13/total number of patients
A B Mean ± SD of contralateral leg
Mean ± SD of operated leg Mean ± SD F 1 (N/kg) 12,2 (± 1,2)* 11,5 (± 1,5) 11,3 (± 1,0) F 2 (N/kg) 6,7 (± 0,7) 6,8 (± 0,9) 6,7 (± 0,9) F 3 (N/kg) 11,6 (± 1,2) 10,3 (± 0,8)* 11,3 (± 0,9) F 4 (N/kg) 0,3 (± 0,2) 0,4 (± 0,2) 0,4 (± 0,3) This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.
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Heel Rise
The Heel rise was the motor task in which significant differences emerged among the groups (▶Tab. 6).
The patients treated with the soleus flap performed a smaller number of rises than the controls both with the treated and the contralateral leg (15: treated, 25: contralateral, 29: control group).
The differences between legs in the number of rises was 10, and 14 differences between the operated leg and Group B. The heel-rise height was measured by the vertical displacement of the marker positioned on the heel. At each heel rise, the foot movement, represented by the line connecting the heel and the fifth metatarsal head, was further defined by the angle α, where the vertex was on the fifth metatarsal head (▶ Fig. 4) . Both parameters were measured by their maximum, minimum and mean values. Each parameter scored lower for the treated leg than for the contralateral leg. Statistically significant differences (p < 0.05) were observed in all parameters for the treated leg, with the exception of mean height (▶ Tab. 6). During the test the mean angle gradually reduced, and the minimum height increased at each rise. In fact, the patients avoided placing their foot on the ramp floor after each lift with foot raised from the ground by performing small oscillations.
To analyse the effect of missing soleus functionality, authors extracted the Mean Power Frequency (MPF) from the electromyographic signal. The MPF is, considered a relevant indicator of muscular fatigue. Four rises were identified during each rise test performed by each leg: one at start point (at approximately 10 % of the entire duration of the test), two intermediate (at approxi- mately 40 % and 60 % of the entire duration of the test), and a final rise (at approximately 90 % of the entire duration of the test). In healthy subjects, the MPF initially indicated a sharp fall and subsequently decreased for the tibialis anterior and gastrocnemius (▶Fig. 5) but remained constant for the soleus. The MPF obtained by two muscles of the treated leg (Tibialis Anterior and Medial Gastrocnemius) remained steady or slightly decreasing for both muscles (red and green line, ▶ Fig. 6a ). In the tests performed by the contralateral leg, the MPF decreased for the tibialis anterior and the medial gastrocnemius muscle (red and green line, ▶ Fig. 6b) .
The MPF for the soleus decreased up to 60 % then, remained steady or moderately increased towards the final stage of the trial (yellow line, ▶ Fig. 6b ).
Discussion
Many authors have reported success in the use of the soleus flap as coverage after trauma of the soft tissues of the leg but have neglected to examine the functional deficit resulting from the removal of the monoarticular end of the triceps surae [11] .
The aim of this study was to assess potential signs of "disability" in patients treated with soleus flap, comparing them with a healthy subject population. Moreover, the authors investigated the likelihood of treatment-related deficit and possible mechanisms of adaptation.
Gait Analysis
Kramers-de Quervain et al. showed [10] the substantial recovery of gait function after surgical treatment in this type of patient. The authors reported differences in the terminal phase of stance during fast gait compared to the controls [10] , observing critical points in the propulsion phase for the treated leg which was characterised by a lower peak of force. Our data in gait confirmed these findings with a reduced vertical peak of force (F 3 ) in the operated leg during fast gait and propulsion phase. In our study the loading phase of the treated leg was characterised by an earlier (T 1 ) and low peak (F 1 ) in relation to the contralateral leg, further confirmed by a reduced initial double support phase duration (▶ Tab. 2) . These results show the patient's tendency to decrease the duration of the body weight-transfer phase from the contralateral to the operated leg and to anticipate a more comfortable and stable position of the foot flat on the ground.
To compare data with Kramers-de Quervain and co-authors' results [10] , in this study, the patients were not required to walk at a self-selected fast pace but at a predetermined cadence to a metronome. Group A patients failed to achieve the predicted walking speed, performing at a slower speed rate compared to the other groups. The reduced step length was also relevant for the contralateral leg, in relation to the treated leg and the control group. This reduction may be due to the subjects avoiding excessive forward displacement of the body on the treated leg. In this phase, in fact, a greater forward displacement of the contralateral leg could produce the raising of the heel of the treated leg considering the triceps surae activity.
The angular kinematics of the ankle was compromised with reduced and uncertain dorsi-plantar flexion due to the initial trauma rather than to the surgical treatment. No significant differences were observed during gait on muscular activation timing with respect to the control group. Patients in Group A presented a prolonged muscular activity of the tibialis anterior and gastrocnemius during stance of the treated leg in relation to the contralateral leg. The authors suggest that this outcome may be related to the patient's tendency to accurately control the body weight transfer phase and the subsequent mid-stance phase on the treated leg. Walking and brisk walking do not require substantial changes in muscular control, and the soleus function is commonly well-developed by the other triceps surae muscles. This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.
calf muscles, using a ramp with an inclination of 10° to stress the ankle starting from a dorsi-flexed position.
The outcomes herein, demonstrated that the patients involved in the heel rise test, succeeded in performing the motor task. The patients who had undergone reconstruction with a soleus flap performed a significantly lower number of heel rises than the control group, and the number of heel rises differed between the operated and the contralateral leg. For the operated leg of patients belonging to Group A, the mean number of heel rises was 14 less than the expected value (20) ; in addition, the height of the rise and the angular excursion were smaller than in the controls.
We therefore indicate that patients with intact triceps surae and without deficit at muscular level have a resistance to fatigue comparable with that of healthy subjects.
The lower values in heel rise height may be due to the blocking of the ankle as a result of the trauma.
Previous investigations reported a constant mean power frequency (MPF) during heel rise in the soleus muscle only, in relation to muscular fatigue with a decrease of MPF in the gastrocnemius muscle [17] .
The trend of the MPF observed in the control group and Group A in relation to the contralateral leg revealed that heel-rise fatigue was supported by the reduction of this parameter for the anterior tibial and medial gastrocnemius muscle. The soleus and its characteristic muscular fibres, is a muscle suited to resistance and initially presented a fall and subsequent steady MPF trend. The patients with soleus flap treatment successfully performed the heel rises owing to the functionality of the remaining muscles. The MPF relative to both muscles did not show an evident reduction but was generally constant, suggesting that gastrocnemius also compensated for the absence of the soleus in tasks that required fatigue resistance. Nevertheless, it is clear that, considering the small number of heel rises performed with the treated limb by the patients of the group A, the residual triceps surae does not completely atone for the lack of soleus functionality, therefore suggesting that adaptation of the muscle fibres is not sufficient to compensate for the lack of muscular resistance.
Limitations of the study
This study has some limitations. Although all traumas were classified as type III B according to the Gustilo-Anderson classification, the involvement of more or less large bone areas and the diverse initial soft tissue extension could influence the assessment of deficits during motor tasks (gait, posture and heel rise test).
Another limitation of the study is the use of the free fibula flap taken from the contralateral limb to reconstruct the traumatised tibia. As reported by some authors, no significant differences were found in gait parameters in Pre-post surgical gait analysis comparison of patients who had undergone an osteocutaneous free fibula transfer [19, 21] . These studies confirm that the evaluation of gait is not significantly influenced by the concomitant use of a fibula flap, but could lead to assessment bias of the motor function in the traumatised limb and in the donor limb.
The retrospective design and the small sample population were another limitations of the study. Larger sample case series with long term follow-up are needed to validate the results.
CONCLUSIONS
Our findings report that the patients with detached soleus muscle as a coverage completely regained the ability to walk autonomously albeit presenting difficulties in increasing walking speed. The patients who had undergone reconstruction with a soleus flap reported pain in the operated area and reduced mobility of the tibiotarsal joint. Gait analysis is a standard exercise in the field of movement analysis, but herein, did not clarify the attribution of the deficits in relation to the type of reconstruction or to the extent of the trauma. With reference to Kramers-de Quervain et al., we conducted the heel rise test, which allowed better identification of soleus performance in relation to the other muscles of the triceps surae. We consider the heel rise test as an improved assessment measurement to distinguish between the effect of the surgical treatment and the effect of the trauma, providing quantifiable indicators of the deficit associated to the use of the soleus. Our findings suggest that an identical measure of reduced trauma-related mobility in the ankle, and lack of the soleus muscle may lead to further deficits in the operated limb at muscular level.
